The endogenous cannabinoid system has been implicated in drug addiction in animal models. The cannabinoidreceptor1(CNR1)geneis1ofthe2receptorsexpressed in the brain. It has been reported to be associated with alcoholism and multiple drug abuse and dependence.
S
MOKING IS AN ADDICTIVE BEhavior and 1 of the leading causes of preventable deaths in developed countries. 1, 2 Although twin studies [3] [4] [5] [6] have established that genetic factors play a significant role in the etiology of tobacco smoking and nicotine dependence (ND), the specific genes that influence this behavior remain poorly understood. In recent years, linkage studies [7] [8] [9] [10] [11] [12] have found suggestive linkage peaks in several chromosomal regions. Candidate genes selected from these linkage regions and other sources were also studied, and several promising genes have been identified. [13] [14] [15] [16] It is well known that tobacco smoking coincides with the use and/or abuse of other substances. Twin studies [17] [18] [19] show that smoking has high comorbidity with abuse of alcohol, marijuana, cocaine, amphetamine, and other drugs. Genetic analyses indicate that individuals who use and/or abuse these substances share common genetic factors. 20 Pharmacologic and neurochemical studies in animal models suggest that the initial targets of these substances may be different, 21 but they all result in dysfunction of similar neurochemical and neuroanatomical pathways. 22 This finding is in agreement with human behavioral studies and implies that there may be a common liability underlying the addiction to commonly used substances of abuse.
In recent years, pharmacologic and neurochemical studies have accumulated convincing evidence that the endogenous cannabinoid system is involved in addiction to abused substances. 23 Of the 2 cannabinoid receptors reported, cannabinoid receptor 1 (CNR1 [or CB1]) is largely responsible for neurophysiologic and behavioral responses to the addictive behavior. In animal models, CNR1 knockout mice display alteration in rewarding and drug-seeking behavior in response to several substances, including nicotine, [24] [25] [26] ethanol, 27, 28 cocaine, amphetamine, and other psychostimulants. 23 Cannabinoid agonists mimic the effects of abused substances, and antagonists suppress, attenuate, or block reward and drug-seeking behaviors. 29 In human studies, the CNR1-specific antagonist rimonabant helps cessation of tobacco smoking. 30 Direct association studies [31] [32] [33] [34] [35] [36] [37] of the CNR1 gene have been performed with substance abuse and dependence; however, the results are not always consistent.
The CNR1 gene is located on the long arm of human chromosome 6. The CNR1 protein is a G proteincoupled receptor and is widely expressed in the central nervous system. [38] [39] [40] In the current version (March 2006 freeze) of the human genome browser, CNR1 spans an approximately 5.5-kilobase (kb) genomic distance. In a recent study, 37 CNR1 was shown to have several transcription variants, covering approximately 35 kb of genomic DNA. In this study, we use the Haploview program 41 to select 10 single-nucleotide polymorphisms (SNPs) that tagged major haplotypes (frequency Ͼ1%) spanning this 35-kb region and to test for association with smoking initiation (SI), ND, and the use and abuse of other substances.
METHODS

STUDY PARTICIPANTS
In this study, we used 2 independent samples of white patients aged 18 to 65 years, both drawn from 2 large population-based twin studies of the Mid-Atlantic Twin Registry. The sampling and ascertainment procedures for this study have been described elsewhere. 5, 42, 43 Briefly, female-female twin pairs born between 1934 and 1974 became eligible if both members responded to a mailed questionnaire in 1987-1988. Data on smoking history and ND used in this report were collected at the fourth wave of interviews conducted in 1995-1997. Data on the male-male pairs born between 1940 and 1974 were collected at the second wave of interviews conducted in 1994-1998. The mean (SD) age and educational level of the twins were 36.3 (8.2) years and 14.3 (2.2) years, respectively, for the female-female pairs and 37.0 (9.1) years and 13.6 (2.6) years, respectively, for the male-male pairs. In this study, we used a subset of twins of European ancestry and randomly selected 1 twin from each pair. All the study participants were unrelated. All individuals were assessed with basic smoking history and the Fagerströ m Tolerance Questionnaire (FTQ) 44 or the Fagerströ m Test for Nicotine Dependence (FTND). 45 The FTQ was an 8-item questionnaire (score range, 0-11), and the FTND was a 6-item questionnaire (score range, 0-10). Both the FTQ and the FTND have been widely used to evaluate ND. The first sample, denoted as the Virginia Study of Nicotine Dependence (VAND), contains 688 individuals. For this sample, we used a 3-group design: nonsmokers (n=244, 164 men and 80 women), defined as those who never smoked a cigarette up to the time of the assessment; regular smokers with low ND (n=215, 151 men and 64 women), defined as those who smoked at least 5 cigarettes per week for 5 years and had FTQ scores between 0 and 2 at their lifetime maximum tobacco consumption; and regular smokers with high ND (n=229, 150 men and 79 women), defined as those who smoked for 5 years or more and had an FTQ score between 7 and 11. This 3-group design was to evaluate separately the influence of CNR1 on SI and ND, 2 measurements with overlapping but not identical genetic effects. 5, 46 To estimate the influence of CNR1 on SI, we compared the allele frequencies of testing SNPs between the nonsmokers and regular smokers (which included both the lowand high-ND groups). To estimate the influence of CNR1 on ND, we compared the allele frequencies between the low-and high-ND groups. Smokers with FTQ scores between 2 and 7 were not used in this dichotomized design. The second sample, denoted as the Virginia Study of Anxiety and Neuroticism (VAANX), was a sample initially selected for the study of anxiety and neuroticism. We used the software package Mx (http: //www.vcu.edu/mx/) to perform a multivariate genetic analysis to identify a latent phenotype that reflected genetic covariation (ie, shared genetic susceptibility) across the 6 phenotypes (major depressive disorder, generalized anxiety disorder, panic disorder, agoraphobia, social phobia, and neuroticism [Hettema et al 47 provide the details]). The inclusion criterion was the top and bottom 25th percentile of a genetic factor score-a composite index that represented several internalizing anxiety and neuroticism phenotypes. 48 The cases had a mean raw neuroticism score of 6.30 (z score=1.04) and had the following frequencies of the target psychiatric illnesses: major depressive disorder (80.1%), generalized anxiety disorder (53.8%), panic disorder (20.5%), agoraphobia (14.1%), and social phobia (17.5%). The controls were free of the 5 disorders and had a mean raw neuroticism score of 0.55 (z score=−0.89). This sample contains 1128 individuals, of whom 6 were included in the VAND sample and another 161 were co-twins of the participants in the VAND. To maintain the independence of the 2 samples, these 167 overlapping individuals were removed from all analyses conducted with the VAANX sample. Because the VAANX was selected by the genetic factor score, there were not enough individuals with high and low FTQ or FTND scores for a dichotomized design, so we used a quantitative design (FTND scores) to assess ND in this sample. As defined in the VAND sample, individuals who reported never having smoked regularly and whom we, therefore, did not attempt to assess with the FTQ or FTND were classified as nonsmokers. All others were classified as smokers, including those who were not smoking at assessment but had smoked previously. The remaining 961 individuals included 532 nonsmokers (299 men and 233 women) and 429 smokers (276 men and 153 women). The distributions of FTND scores for these individuals are shown in The buccal epithelial cell samples were collected using standard cytology brushes (Fisher Scientific, Fair Lawn, New Jersey). DNA was isolated from the brushes as reported previously. 49 All individuals provided informed consent for participation in this study. Sixteen unlinked microsatellite markers and 33 SNPs were genotyped separately for the VAND and VAANX to assess the potential population stratification, and no evidence of stratification was found.
48,49
SNP SELECTION AND GENOTYPING
Ten SNPs were chosen from the SNP database (http://www .ncbi.nlm.nih.gov/SNP/index.html) and the genomics database of Applied BioScience Inc, Foster City, California, with the following criteria: (1) SNPs located in coding or regulatory regions of the gene or reported to be associated with drug dependence in the literature, (2) haplotype-tagged SNPs suggested by the Haploview program 41 using the default parameters, and (3) SNPs with a minor allele frequency of 0.05 or higher in the SNP database. Table 1 lists the characteristics of the selected SNPs.
Genotyping was performed with the TaqMan genotyping method. 50 Briefly, the polymerase chain reactions (PCRs) were conducted with 384-well microplates. To ensure the quality of genotyping, negative control samples were included in each plate. The PCRs were performed with 5 ng of genomic DNA, 0.25 µL of TaqMan assay mix (Applied Biosystems, Inc, Foster City), and 2.5 µL of TaqMan universal PCR master mix in a total reaction volume of 5 µL. After activating the polymerase and denaturizing DNA by heating at 95°C for 10 minutes, 40 cycles at 92°C for 15 seconds and 60°C for 1 minute were performed. After the reaction, the fluorescence intensities of reporter 1 and 2 (reporter 1: VIC fluorescent dye, excitation,520 [10] nm; emission, 550 [10] nm; reporter 2: FAM fluorescent dye, excitation,490 [10] nm; emission,510 [10] nm) were measured (data are given as central wavelength [bandwidth] of filters used to measure fluorescence) by the Analyst fluorescence plate reader (LJL Biosytems, Sunnyvale, California). Based on the ratio of fluorescence intensities, genotypes were scored by a euclidean clustering algorithm developed in our laboratory. 51 
STATISTICAL ANALYSIS
To distinguish the effects of the CNR1 gene on SI and ND, we made 2 dichotomous comparisons. For the effect on SI, we compared the allele frequencies of nonsmokers with that of regular smokers in both the low-and high-ND groups. For the effect on ND, we compared the allele frequencies of the low-ND group with that of the high-ND group. For individual SNP association analyses, allele frequencies in the 3 groups were compared by the 2 test or Fisher exact test when the expected counts were less than 5 in any cell of the contingency table. Sexstratified analyses and multimarker haplotype analyses were conducted with the UNPHASED program (version 3.06), 52 which uses a log-likelihood retrospective regression model. In the sexstratified analyses, sex was used as a modifier covariate, and either the male or female was used as baseline. In these analyses, both main effect and sex effect were estimated in a single test. The SNP spectral decomposition (SNPSpD) method 53 was used to evaluate the equivalent number of independent tests, and Bonferroni correction was applied for multiple testing correction. Pairwise linkage disequilibrium (LD) was estimated for all study participants by Haploview 3.2 software. 41 HardyWeinberg equilibrium tests were conducted with the software. 41 
RESULTS
LD STRUCTURE
In this study, we typed 10 SNPs in the CNR1 gene (Table 1) . Of these SNPs, 2 (rs2023239 and rs1049353) are synonymous coding SNPs. All the rest are located in the introns of the CNR1 gene (Figure 2A) . Except for rs806379, which showed a deviation (P=.01) from the Hardy-Weinberg equilibrium in the VAANX sample, all other SNPs were in the Hardy-Weinberg equilibrium. For both the VAND and VAANX samples, the 10 SNPs were partitioned into 3 LD blocks using the default parameters, and the block boundaries were the same except for the second LD block, which included markers rs6928499, rs806379, and rs2023239 in the VAND sample but included only rs806379 and rs2023239 in the VAANX sample ( Figure 2B and C). The overall LD in these 2 samples was similar.
ASSOCIATION WITH SI AND ND IN THE VAND
To examine the effect of CNR1 genotypes on SI and ND, we compared the allele frequencies of typed SNPs between nonsmokers and smokers and between low-and high-ND smokers, respectively. Of the 10 SNPs, rs6928499 and rs2023239 showed nominally signifi- cant associations for both SI and ND ( Table 2) . For both markers, the major alleles, G and T, respectively, were overrepresented in cases. To evaluate whether sex plays a role in the association, we used a computer program (UNPHASED) and used sex as a modifier covariate. In these analyses, rs6928499 showed nominally significant results for both main effect and sex effect for SI ( Table 3) but only a significant main effect for ND; rs2023239 showed similar association but with weaker signal strength. Another 2 SNPs, rs1049353 and rs12720071, showed similar female-specific associations with ND.
Based on the results of single-marker associations that suggest that the signals come largely from markers 5 through 10, we conducted haplotype analyses. In these analyses, marker combination 5-8 showed strong associations with both SI and ND in women; however, the associated haplotypes were different. a brief summary of the haplotype analyses; complete results are given in eTable 1 (http://www.archgenpsychiatry .com). Other combinations (7-9-10 and 5-7-9-10) showed strong associations with ND but were only marginally associated with SI. As observed in the single-marker associations, these multimarker associations were also sex specific.
To correct for multiple testing, we used the SNPSpD method to estimate the number of equivalent independent tests using the genotype data from this sample. This calculation produced 8 equivalent tests for the 10 SNPs. For both SI and ND, we tested all 10 SNPs for simple 2 tests and sex-stratified tests in addition to 3 haplotype tests. The total number of tests was 21. Using Bonferroni correction, only rs1049353 survived correction for association with ND; all other single markers failed multiple testing correction. In haplotype testing, although none of the haplotype associations with SI survived correction, all 3 haplotype associations with ND remained significant after the correction.
REPLICATION OF SI AND ND IN THE VAANX SAMPLE
To verify the findings in the VAND sample, we genotyped the same 10 SNPs in the VAANX sample and conducted sex-stratified analyses directly. For rs2023239, we were able to replicate the female-specific association with SI (main effect P =.01 and sex effect P =.02); rs6928499 showed a trend of association with SI in the same sex ( Table 5) . For both SNPs, the associated alleles were the same in the 2 samples; rs806368 was nominally significant in the women for the FTND. To determine whether the VAANX shares the same risk haplotypes with VAND, we conducted haplotype analyses with the VAANX sample. A brief summary of these analyses is listed in Table 6 , and complete results were shown in eTable 2. In these analyses, combinations 7-9-10 and 5-7-9-10 showed female-specific associations with both SI and the FTND ( Table 6 ). The haplotypes associated with the FTND were the same (1-1-2 and 1-1-1-2 for combinations 7-9-10 and 5-7-9-10, respectively) as those found in the VAND sample, but the haplotypes associated with SI were not. Given the 8 independent tests estimated by the SNPSpD program and the 3 haplotype tests, the corrected threshold for significance would be .05/11 = .004545. Because our replication was in the same haplotype and same sex, we arguably could use a 1-tailed test criterion (ie, the threshold of 2ϫ0.004545 or 0.00909). Using this criterion, the association of the FTND with haplotype 1-1-2 of combination 7-9-10 just met this threshold. All other tests failed multiple testing correction.
COMMENT
The endogenous cannabinoid system has been implicated in drug addiction in animal models. 23, 27, 54, 55 The CNR1 gene is an essential component of the endogenous cannabinoid system. It has been shown that CNR1 is widely expressed in various regions of the brain. [38] [39] [40] Zhang and colleagues 37 reported that CNR1 is associated with polysubstance abuse. Associations with cannabis dependence, 56 alcohol dependence, 31, 36 and other drug dependence 32, 33, 57 and with psychiatric disorders [58] [59] [60] were also reported. In this study, we tested the association of CNR1 with SI and ND or FTND score in 2 independent samples drawn from 2 large epidemiologic studies of Virginia twins. In both samples, we found nominally significant associations in individual markers and multimarker haplotypes: rs2023239 showed sexspecific associations with SI in the same allele in the 2 samples and rs6928499 was significantly associated with SI in the VAND sample but only showed a trend in the VAANX sample. Two multimarker haplotypes showed the same sex-specific associations with ND in both samples. Haplotype 1-1-2 for combination 7-9-10 just met the cutoff of multiple testing correction (0.00909 vs 0.00909) for a 1-tailed test. Because the threshold was calculated with the Bonferroni method and the 3 haplotype tests were nested, we could argue that the association of haplotype 1-1-2 is significant after correction. In general, the results obtained from the 2 independent samples are mutually supportive.
In association studies, the evaluation of falsepositive results is an important issue. In this study, VAND was used initially to identify the associations, and VAANX was used to confirm the associations. For VAND, we performed simple and sex-stratified analyses for all 10 SNPs. We also performed sex-stratified haplotype analyses for several combinations. The effective number of tests was 23. Based on this calculation, only rs1049353 survives multiple testing correction for association with ND. For haplotype tests, associations with ND remain significant for both the global and haplotype tests for all combinations. In the replication panel, we performed 11 tests (8 equivalent independent tests for sex-stratified singlemarker tests and 3 sex-stratified haplotype tests). Although rs2023239 showed nominal association with SI in the same allele and same sex as observed in the VAND sample and rs6928499 showed a trend in the same allele and sex, none of them could survive correction for multiple comparison. In haplotype analyses, although combinations 7-9-10 and 5-7-9-10 had associations with the FTND score in the same haplotypes and sex, only haplotype 1-1-2 of the combination 7-9-10 could be considered significant. Considering the replication criteria proposed in the recent literature, 61, 62 in which a replication could be made at the level of a single marker, a haplotype, or a gene, we could argue that we have replicated the association with ND at haplotype 1-1-2 for combination 7-9-10. Based on the simulations reported by Sullivan, 62 replications at the same marker, same allele, and same sex or at the same marker combination, same haplotype, and same sex had the lowest false-positive rate. Accordingly, we could conclude that CNR1 is likely associated with ND. The association with SI, however, is less clear, and additional studies will be needed to clarify this issue.
In recent years, several studies [31] [32] [33] [34] [35] [36] [37] 59, 60 have examined the associations of CNR1 with substance abuse and dependence, but the results are not always consistent. A study by Zhang et al 37 reported association of a 3-marker (rs806379-rs1535255-rs2023239) haplotype with multiple substance abuse. We typed 2 (rs806379 and rs2023239) of these 3 markers. As mentioned herein, rs2023239 showed nominal associations with SI in both the VAND and VAANX samples, but it also showed nominal association (P = .05) with ND in the VAND sample. However, in our samples, it is the major allele, T, not the minor allele, C, that is overrepresented in the affected individuals. In another report just published as this article was written, Zuo et al 31 reported associations of 2 SNPs (rs6454674 and rs806368) with drug dependence and alcohol dependence. We also typed these 2 SNPs. To compare whether the reported genotypes are associated with SI and ND in our sample, we conducted post hoc analyses for genotype associations for these 2 markers. In the VAND sample, we did not find associations at these 2 markers. In the VAANX sample, the 2/2 genotype (G/G) of rs6454674 is marginally associated with the FTND score (P=.05). This is the same genotype reported in the study by Zuo et al. For rs806368, the 1/1 genotype (T/T) is associated with the FTND score (P=.01). This is also the same genotype reported in the study by Zuo et al. In the 2 marker interaction analyses, 2/2-1/1 (G/G-T/T) is significantly associated with the FTND score (PϽ.001); once again, this is the same interaction observed in the article by Zuo et al. These post hoc analyses support the findings by Zuo et al.
Another interesting finding in our study is the sex effect. In our analyses, sex was considered a modifier covariate. In these analyses, both main effect and sex effect were estimated simultaneously in the regression model. For both SI and ND phenotypes tested in this study, sex has a significant modifying effect. A similar effect was observed by Zuo et al. 31 In the tables reported in that study, sex was used as a covariate and its effect was statistically significant for all phenotypes studied. This is consistent with our observation. This finding raises a possibility that the failure to find evidence of association in some previous studies may be due to heterogeneity in the sexes. This finding may have a molecular basis. There is an estrogen response element in the promoter region of the CNR1 gene 63 ( Figure 1A ). There is also evidence that estrogen modulates the expression of the CNR1 gene. 64 The 2 samples used in this study were selected using different criteria. In the VAND sample, the 3 groups were never smokers, low-ND smokers (FTQ score Յ2), and high-ND smokers (FTQ score Ն7). The VAANX sample is a 2-group, case-control design for studying neuroticism and anxiety. 56 Because the selection was based on a composite genetic factor score, we do not have a sufficient number of participants for a dichotomized design for studying ND. The best comparable phenotype in this sample to ND is the FTND score. For this reason, we used a quantitative design to approximate the ND phenotype in the VAND sample. As reported in the literature, 45, 65, 66 the FTND is a reliable instrument to assess ND. However, our dichotomized ND definition in the VAND sample is not the same as the FTND scores in the VAANX sample. This is a potential weakness of our study that may contribute to the difference in association signals observed between the 2 samples.
In conclusion, we present evidence that CNR1 may be associated with ND in 2 independent samples. We also find that sex may have a significant modifying effect. Given the reported associations of this gene with other substance abuse and dependence in the literature, it is likely that CNR1 has an important role in the manifestation of multiple substance abuse and dependence. 
